Williams (4) which show reduced apparent toughness at room temperature for E" Ti-5A1-2.5Sn late step-cooled coole p pd from the annealing temperature compared to air--cooled plate Attempts to detect a2 precipitation using thin foil transmission electron opy in the lower toughness material were unsuccessful (4) .
It has not been demonstrated that the effects o b served for relatively ^{ thin gages of stock using sharp-notch strength or "plane-stress" fracture be noted that in both the specified and analyzed compositions, higher -iron !;
contents accompany increased interstitial levels. In this paper the two investigated plate compositions are distinguished solely by the interstitial element level-differences (ELI and Normal) as is customarily done by the titanium industry, notwithstanding the fact that some observed effects may be due to variations in iron content rather than interstitial content differences. The furnace cooling rate was essentially linear at approximately 15°K (27F°) per hour; air cooling rate was initially 4500K° ( 8100F°) per hour, with total cooling time to room temperature of about one hour.
Microstructures were examined with optical metallography, thin foil transmission electron microscopy (TEM), microprobe analysis, and texture pole figure determinations. The results are p resented elsewhere (5) and are summarized in Table II . The a grain size of the furnace-cooled ELI plates was only slightly larger than the other plates. The iron-stabilized beta phase particle size and volume fraction was greater for the normal interstitial plate due to its higher iron content. The ELI plates had an annealed ,a deformation texture; the normal interstitial plates had a 0 deformation texture. Figure 1 shows a computer plotted pole figure of the basal ( 0002) and prism (1010) planes for the air-cooled ELI plate using the specimen and texture described by Olsen ( 6). This texture is P. typical annealed a deformation texture (7)0 with the basal planes parallel to the plate surface and split slightly toward the transverse direction. Figure 2 shows pole figures for the air-cooled no",al interstitial plate. This is a s processing texture (7) , with the basal planes perpendicular to the longitudinal and transverse directions, Figures I and 2 show that the prism planes are distributed in an almost random intettsity. Although both plates were to have been identical except for interstitial and iron content, the differences in texture are most likely due to variations in p rocessing (6) Regardless of its source, the observed texture 1 was quite mild for a titanium. Variations in cooling rate did not greatly alter the texture; however, it did affect the ordering characteristics of the a`m atrix. Figure 3 shows electron diffraction patterns of the a matrix of the air-cooled and furnace -cooled ELI plates with zone axes close to (4515). The extra spots on the furnace -cooled pattern can be indexed as the ordered a2 phase ($) . Similar patterns were obtained for the normal interstitial plates.
Thus, the furnace-cooled plates were more ordered than the air-cooled plates.
PROCEDURE
The conventional tensile properties and plane strain fracture toughness The 20 0K toughness data are presented as bar graphs in Figure 5 . Both the I x 1' and 1 x 2 LT bend specimens gave essentially the same results. This is not unexpected since 20°K fracture always occurred abruptly at maximum load before the 5% secant intersection.
Comparison of the IS and LT orientation fracture toughness specimens for the various alloy conditions reveals some plate directionality. IS toughness of the ELI grade is about 20% higher than the IT toughness. The toughness of the normal interstitial plates show little if any directionality.
Flow Curves. Tensile flow curves are shown in Figure 6 . The datum points shown in that figure are the Bridgman -corrected (13) flow stress and the plastic strains as described in Appendix A. These data were fit using an iterative least squis.re i egression analysis to the form v = a0 + Aem, Equation (1) where a 0 , A and m are constants determined by a linear least square regression analysis with iteration on m to minimize the squared error. This form was chosen on the basis of its successful application to unalloyed titanium (14) . Table IV gives the values determined for the equation 's constants. The fit of these curves is quite good: No experimental datum point was different from
• the regression stress by more than 3 percent.
Considerable license was taken in constructing the 20°K ( -423 0F) curves in - Figure 6 which were based only on the yield and fracture events, and this 1 9 should be kept in mind when using those curves. The 20°K load -extension records were serrated and the specimens contained multiple necks, probably due to localized adiabatic heating during plastic deformation as described by Basinski (15) . The behavior is consistent with the observations of Kula and
DeSisto (16) for unalloyed titanium at 4 0K ( -453 0F) and of Cerman and Katlin (17) for (2) is independent of CT 0 . As shown in Figure 7 , door/de also appears independent of purity and cooling rate from the annealing treatment, and is influenced only b7 test temperature.
Due to the uncertainty in the 20°K ( -423°F) flow curves at intermediate strains, the corresponding work hardening curves are not shown in Figure 7 .
Differences between the flow curves shown in Figure 6 for the two interstitial compositions results primarily from an increase in the apparent elastic limit (v°) with decreasing alloy purity. Similar observations have been made by Conrad et al (18) for unalloyed titanium.
Elastic modulus. Young ' s modulus was determined for the longitudinal plate direction from the load-extension records of triplicate tensile specimens ' tested at 20 0K (-A23 0F) and from ultrasonic measurements on single specimens at room temperature (b) These results are tabulated in Table V. (b) Ultrasonic determinations of elastic moduli were made as a courtesy by Rockwell Science Center, Thousand Oaks, CA. The influence of cooling rate for plate was as great as observed previously F for sheet. Plate texture differences resulting from what were purported by the vendor to be identical processing and annealing schedules for the plate were perplexing, but their apparent effect on the elastic modulus and toughness directionalit; provided an interesting highlight to the study. coarse. In the present study, these were the observed embrittling factors.
Thin foil TEM revealed extremely coarse, planar slip bands for both aircooled and furnace-?, urnace-? ah ] normal interstitial Ti-Ml-2.5Sn plates deformed at 77 0K. In contrast, air-cooled ELI plate had planar, but relatively fine homogeneous slip bands. Furnace cooling the ELI plate produced coarsening to an -,Jntermediate degree, an effect owed to the ordering reaction evident in the ---iffraction patterns of Figure 3 . The degree of slip coarsening correlated with the degree of embrittlement. The grain size of the plates was not a significant factor in this study because of its essential uniformity. It is tempting to speculate, however, that grain refinement might further improve the toughness of Ti-5A1-2.5Sn alloy through its effect of reducing the stress concentration at the ends of the foreshortened slip bands or deformation twins.
k_
Texture and Directionality
The fracture toughness directionality (LT versus LS specimen crack-plane orientation) is believed due to the variation in crystallographic texture among the plates tested. To explain the observed trends, reference is made to an analysis of the resolved shear stresses for slip and for twinning in Appendix B.
The ELI plates possessed an annealed a-deformation texture Void nucleation took place primarily at blocked slip bands. The analysis of Appendix B predicts slip at lower stress intensity levels for LT oriented specimens than for LS oriented specimens. Slip band dislocation densities and stress concentrations would therefore be expectedly higher in the I.T specimens. Preferential twinning is predicted for LS specimens by the analysis for resolved shear stresses for twinning (Appendix B). A higher incidence of *_w;a intersections would be anticipated, having; the effect of shortening slip band length and thereby reducing slip ba-td stress concentration. These anticipated behaviors are in agreement with the observed toughness superiority of LS oriented specimens.
The normal interstitial plates were `-processed textured. Void nucleation occurred at beta particles and at multiple twin intersections. Beta-particle decohesion woulc. be ex;tected to be independent of specimen orientation. Resolved shear stress analysis in Appendix B indicates that twinning occurs with nearequal ease on four of the five operati:-e twin systems for both specimen orienta-
tions. An additional t •, in system is operative for LT specimens, which would increase, however slightly, void nucleation rate for the LT specimen orientation.
This explains the absence of significant directionality in the normal interstitial plates, with a hint of LS toughness superiority. (1122), (1123), and (1124)1 known toy operate at cryogenic temperatures 1 in a titanium.
It was assumed that the criterion for deformation by slip is the critical resolved shear stress. The index used to evaluate the operation of.a given 'slip system was the resolved shear stress divided by the critical resolved shear stress for that particular slip system. The critical resolved shear stresses determined by Paton, Baggerly, and Williams (25) for titanium -6.6 percent' !s ,luminum crystals at 77°K (-320°F) were used for the normalization. The index used for the " activation of twin systems was a resolved shear stress criterion. There is no established critical resolved,•.shear stress for twinning; however in most cases, the twin system with the highest resolved shear stress is the first system to operate. Reed-Hill (28) has shown that in polycrystalline i zirconium, the variation in number of twins for several twin -systems is very similar in shape to the variation in the resolved shear stress. Thus, the resolved shear stress appears to be an adequate index to determine if a given , .
twin system is operating.
To examine toughness variations between the LS and LT orientation fracture g p typical toughness specimens, a stress state t ical of that ahead of a crack was used in the computer program. There are many elasto-plastic finite element calculations which show the variation of the stresses with position and work-hardening 1 B.2 characteristics. Rice and co-workers (29130) have analyzed the crack tip stress fields of elastic-perfectly plastic (non work-hardening) material using both slip line field theory and finite element calculations. These stresses were normalized so that the maximum stress which is parallel to the applied load is equal to unity. The normalized stresses used to calculate the resolved shear stresses for the LS and LT orientation fracture toughness specimens are given in Table B -I. For both specimen orientations, the maximum stress acts in the longitudinal plate direction and is the same so that equivalent levels of K are being compared.
The stereographic projections in Figure B -1 show the variation in the resolved shear stresses for slip normalized by the critical resolved shear stress for LT and LS orientation fracture-toughness specimens. Figure B-2 shows the resolved shear stress for twinning for the same stress states.
Figure B-1 shows that for alloys with an annealed a deformation texture, specimens with an IT orientation will tend to deform by prism and pyramidal,slip at a lower K I level than specimens with an LS orientation, but higher K I levels by basal slip. For both orientations, c+a slip seems to be fairly unlikely. .a annealing texture is fairly low except for (1122) twinning. This twinning system is most likely to occur at lower K levels in the LS specimen than one with an LT orientation. Void nucleation in the ELI alloys occurs most frequently at theintersection of slip bands with twin boundaries-or grain boundaries (5) It is argued that a reduction in slip band length and a more even distribution of slip would delay void nucleation to higher strains and ; in turn improve K Ic . Calculation of the resolved shear for slip for LS and LT fracture toughness specimens suggests that slip will occur at lower K levels in LT specimens than LS specimens. Thus, at the same K level, there will t`n .s r` probably be more dislocations per slip band in LT specimens. The higher resolved shear stress for twins in the LS specimens suggests that the LS orientation will have a higher twin volume fraction than the LT specimen. A higher twin volume fraction of the (1122) twins will tend to reduce the slip band length. These factors suggest that the LS K lc value will be higher than that for LT specimens for alloys with an a annealing texturr.. This is con- l., T, :uld S ;IldiCAt-C 10n^',it Lid i.i.11 , transverse, and short tYa11:;V1'l ^' p Life d i rect iom;, respect iv.^ly.
